Abstract For powering small-sized electronic devices, allsolid-state Li-ion batteries are the most promising candidates due to its safety and allowing miniaturization. Thin film deposition methods can be used for building new all-solid-state architectures. Well-known deposition methods are sputter deposition, pulsed laser deposition, sol-gel deposition, atomic layer deposition, etc. This review summarizes thin film storage materials deposited by metal-organic chemical vapor deposition (MOCVD) for all-solid-state Li-ion batteries. The deposition parameters strongly influence the quality of the films, such as surface morphology, composition, electrochemical stability and cycling performance. Some materials have been successfully deposited by MOCVD into 3D-structured substrates, revealing conformal, homogeneous and high performance battery properties.
Introduction
Numerous miniaturized autonomous devices, such as small medical implants, hearing aids, integrated lighting solutions and many others are nowadays emerging, thereby improving the quality of our life [1] . High level integration is required since most of these devices are restricted to a volume scale of 1-10 mm 3 . In response to this, small on-board power suppliers are urgently required. Lithium-ion batteries (LIBs) advantageously combine low-cost, high energy density with environmental friendliness, and have therefore been long considered as the most promising candidates to power electronic devices [2, 3] . The vast majority of LIBs are applying liquid organic solvents containing Li salts as electrolytes. This generates some serious safety concerns as these liquid electrolytes are combustible and may lead to potentially dangerous leakage risks [4] . Moreover, separators used in conventionally liquid-based LIBs further increases the volumetric energy density, which is not compatible with miniaturization.
In this regards, the concept of all-solid-state micro-batteries has been proposed [5] [6] [7] . The all-solid-state architecture was firstly proposed in 1972, on the basis of metallic lithium anodes, (doped) lithium iodide solid-state electrolytes and a metal-iodide based cathode [8] . Since then all-solid-state LIBs were widely investigated. Advantages of the all-solidstate architecture are, on the one hand, offering more flexibility in the design facilitating miniaturization and, on the other hand, enhancing safety due to the avoidance of electrolyte decomposition and leakage. Many methods have been described to deposit the thin film LIBs. Based on the deposition rate, these methods can be divided into two groups: (i) fast deposition rate methods such as pulsed laser deposition, sputter deposition and E-beam evaporation and (ii) slow rate methods, including metalorganic chemical vapor deposition (MOCVD) and atomic layer deposition (ALD). In general for methods in the former class, there is a temperature difference between the substrate and the deposited films, which may lead to thermal tensile stress and disadvantageously may cause film cracking. ALD is a novel method, by which high quality thin films can be deposited. This method has therefore been intensively used for the deposition of photovoltaics thin films [9, 10] . Regrettably the deposition rate of ALD is too slow and this method is therefore not competitive in the large-scale production electrochemical storage devices [11] . MOCVD can be and XRD patterns (g). Cyclic voltammogram of a Pt/Li 3 PO 4 /Li half-cell at room temperature (h) and ionic conductivity of Li 3 PO 4 films as a function of deposition temperature (i). Reproduced with permission [47] . Copyright 2015, The Electrochemical Society characterized by a medium deposition rate, leading to highly step-conformal and homogenous thin films. Moreover, low pressure chemical vapor deposition (LPCVD) has the advantage to provide excellent stoichiometry control of the deposited films.
Recently several reviews have been written to highlight the research on solid-state microbatteries. These publications present a nice overview on novel materials, advanced synthesis technologies and characterization methods [11] [12] [13] [14] [15] [16] [17] [18] . The present review focuses on the MOCVD deposition of materials for thin film all-solid-state LIBs and the three dimensional (3D) all-solid-state LIBs.
2 Deposition of thin film-based materials for all-solid-state LIBs Several thin film-based materials have been deposited by MOCVD, including solid electrolytes, anode and cathode materials. Attention will be focused on the influence of the deposition parameters on the crystallinity, morphology, electrochemical stability and cycling performance of these materials.
Solid-state electrolytes
To build all-solid-state LIBs, solid electrolytes are obviously a key component. Compared to their liquid counterparts, solid electrolytes offer several unique characteristics which can be highlighted as follows:
(i) Solid electrolytes, especially the inorganic materials, are stable at elevated temperatures. Their conductivity increases with increasing temperature and the conductivity of some solid-state electrolytes may even be comparable to that of liquid electrolytes [18] . (ii) Undesirable "cross-talk" effects between the cathode and anode can, in some systems, be greatly suppressed or even avoided. For example, in lithium-sulfur batteries which are based on liquid organic electrolytes, the maligned polysulide "shuttle effect" will drastically lower the columbic efficiency [19] . These issues can be addressed by solid-state electrolytes as these undesirable species or intermediates cannot be dissolved and transported in these media [18] . (iii) Solid-state electrolytes are chemically more stable when coupled with high voltage Li cathodes. High electrochemical decomposition voltages of about 6 V vs metallic Li have been reported. The standard lithium reference electrode that will be used to define the voltages throughout this review [20] . (iv) Lithium dendrites formation can be restrained, which allows the use of metallic lithium as anode due to the mechanically more robust nature of solid-state electrolytes. [23] [24] [25] , and Li 10 GeP 2 S 12 [26] [27] [28] , polymeric Li-ion conductors [12, 29] , (nitrogen doped) lithium phosphate (Li 3 PO 4 and LiPON) [30] [31] [32] and MeO-based oxides (LiNbO 3 [33] , LiTaO 3 [34] and Garnets-type Li 7 La 3 Zr 2 O 12 [35] [36] [37] ). Generally, lithium thiophosphates and complex sulfides have a moisture sensitive nature. Once absorbing water, H 2 S will be formed, which is not safe during materials preparation and cell integration. In a laboratory environment, the synthesis and characterization of these chemicals are usually performed in Argon-filled gloveboxes. However, this is not very compatible with largescale industrial production and, consequently, these Sulphurbased systems did hardly enter the mass production market. Polymer-based electrolytes, on the other hand, seem to be a better choice in this respect as the elastic nature of polymers can endure the volumetric changes caused by (dis)charging and outside pressures. However, this class of electrolytes usually have a very low ionic conductivity at room-temperature. To achieve a more reasonable conductivity, elevated temperatures above 80°C are necessary [18] . Moreover, most electrolytes are so-called "hybrid" systems due to the presence of liquid organic solvents, which will also introduce some safety issues, such as solvent leakage, combustible risk, and small-size designing problems [38, 39] . Therefore, polymerbased electrolytes are also not very attractive for practical use of small-sized Li-ion batteries.
To compensate the disadvantages and problems encountered by thiophosphates and polymer electrolytes, new solidstate electrolytes have been proposed and a well-known example is Li 3 PO 4 . Li 3 PO 4 has been widely used by many commercial all-solid-state battery manufacturers due to the relatively high Li-ion conductivity and (electro)chemical stability with respect to metallic Li anodes [40] . Some methods have been described to deposit thin films of Li 3 PO 4 , including pulsed laser deposition [41, 42] , atomic layer deposition (ALD) [43] , E-beam evaporation [44] and sputter deposition [45, 46] . Figure 1(a) shows the deposition thickness of Li 3 PO 4 thin films as a function of time at different temperatures by MOCVD, using tert-butyllithium (t-BuLi) as Li-precursor and trimethyl phosphate(TMPO) as P-precursor [47] . The deposition rate can be obtained from the slopes of these lines and is constant at both temperatures, which is crucial for obtaining high quality and homogeneous thin films. From the deposition rate as a function of temperature, an Arrhenius plot (lnR dep vs. 1/T in Fig. 1(b) ) can be constructed. The activation energy of the deposition process can be calculated from the slope of this line and is calculated, in this example, to be 1.14 kJ/mol. This low activation energy suggests a diffusion-controlled deposition process in the investigated temperature range. Figure 1 (c-f) shows the morphology of the Li 3 PO 4 thin films deposited by MOCVD at different temperatures, indicating the homogeneous quality without revealing any cracks or pinhole defects. When deposing at elevated temperatures, it is clear that the surface textile becomes somewhat rougher. It is known that the Li 3 PO 4 films deposited at lower temperatures are not crystalline but has become amorphous. Increasing the deposition temperature led to complete crystallization of the deposited films. The XRD patterns shown in Fig. 1(g ) confirm the influence of the deposition temperature on the crystallography.
The electrochemical stability has been investigated by cyclovoltammography (CV). The results are shown in Fig. 1(h) and suggest that the deposited Li 3 PO 4 films are electrochemically stable in the voltage range of 0 to 4.7 V vs Li/ Li + . Electrochemical impedance spectroscopy (see the inset of Fig. 1(i) ) has been carried out to confirm that the amorphous Li 3 PO 4 has a better ionic conductivity than the crystallized form. The Li 3 PO 4 films deposited at 300°C yielded the highest ionic conductivity at room temperature of 3.9· 10
. LiTaO 3 has received much attention due to their favorable optical and electrical properties. Thin film preparation methods, such as sol-gel deposition [48] , pulsed laser deposition [49] , ALD [50] and sputter deposition [51] , are usually applied for the synthesis of LiTaO 3 thin films. LiTaO 3 was also investigated by MOCVD, using t-BuLi and tantalum(V)ethoxide as precursors. As shown in the Arrhenius plot in Fig. 2(a) , the deposition rate of Li x Ta y O z strongly depends on the deposition temperature [52] . Also in this case it was concluded that deposition at high temperatures was diffusion controlled (>723 K), while the deposition at low temperatures was reaction rate controlled as has been concluded from the higher slope in the Arrhenius plot [52] . The chemical composition of the films has been analyzed. Rutherford backscattering spectrometry (RBS) and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) results are shown in Fig. 2 (b) and indicate that the deposition temperature only has a weak effect on the film composition. However, the CV spectra of the various films, shown in Fig. 2(c) , reveal that the deposition temperature has a very pronounced effect on the voltage stability window.
Cathode materials
Cathode materials are of significant importance as the theoretical capacity of LIBs stack is highly dependent on these materials. Since it was firstly synthesized by Johnston et al. in 1958, LiCoO 2 has been extensively investigated as cathode material. [53] Due to the high theoretical cap acity of 27 4 mAh/g and stable (de)lithiation structure, LiCoO 2 is also widely used in commercial, liquid-based, LIBs. In general, LiCoO 2 have two crystal structures: the spinel, low temperature, phase (LT-LiCoO 2 ) and the high temperature layered hexagonal structure (HT-LiCoO 2 ). Various methods have been described to deposit electrochemically active LiCoO 2 thin films, including sol-gel methods [54, 55] , radio frequency (RF)-magnetron sputtering [55] [56] [57] , and pulsed laser deposition [57] .
MOCVD was also employed to deposit LiCoO 2 thin films with t-BuLi as Li-precursor and CpCo(CO) 2 as Co-precursor. As expected, the XRD patterns shown in Fig. 3(a) indicate that the crystallography of the deposited LiCoO 2 layers are strongly dependent on the deposition temperature [58] . No crystalline phases are detected for the samples deposited at 300°C, the material is fully amorphous. The degree of crystallinity strongly increases at higher deposition temperature. However, it is hard to distinguish between the HT-LiCoO 2 and LT- LiCoO 2 since their diffractions are highly overlapping in the XRD patterns. SEM observations confirm the influe n c e o f t h e d e p o s i t i o n t e m p e r a t u r e o n t h e microstructure, as shown in Fig. 3(c-f) . Clearly, it can be seen that the 300°C deposited film has an amorphous morphology with a rough surface. Deposition at higher temperatures gives rise to more homogeneous [76] . Copyright 2016, The Electrochemical Society and crystalline structures. In order to investigate the electrochemical activity of the thin film electrodes deposited at various temperatures, CV measurements has been reported which are shown in Fig. 3(b) . Obviously, it can be concluded that the electrodes deposited at low temperatures are hardly electrochemically active. Calculated from the integral charge, the samples obtained at 500°C are most active and deliver the highest storage capacity. This CV fingerprint resembles that of LiCoO 2 powders [59] .
Thackeray et al. reported in 1985 that Co 3 O 4 can also be used as electrode material [60] . Co 3 O 4 was intensively investigated for the feasibility in LIBs. The electrochemical reaction scheme of Co 3 O 4 upon (de)lithiation follows a two steps mechanism [61] .
The first step was considered not completely irreversible, which will effectively consume and fix a quarter of available lithium in the Li-ion battery system. It was proposed that the Co 3 O 4 electrode can only be cycled in the second step.
It has been demonstrated that high quality LiCoO 2 can be deposited by MOCVD [52] . Without involving the Li-precursor during the MOCVD deposition process, there is a possibility to synthesize Co 3 O 4 films by making use of the Co-precursor only. Co 3 O 4 thin films have also been deposited by MOCVD [52] . In contrast to the MOCVD deposition of LiCoO 2 , the oxygen flow plays an important role in the deposition of Co 3 O 4 thin films. The XRD patterns of Fig. 4(a) shows that increasing the oxygen flow rate at the fixed temperature of, for example, 623 K is very beneficial to obtain well-crystallized thin films. The SEM observations of Fig. 4 (c-f) also confirm the influence of oxygen flow rate. At higher flow rates, the deposited thin films have a higher degree of crystallinity as can be recognized on the sharp edges leaving the electrode surface. On the other hand, at low flow-rate samples, the surfaces are smoother.
The influence of the temperature was also investigated with a fixed oxygen flow rate of 50 sccm [52]. Remarkably, there is a clear trend that the deposition rate will decrease with increasing temperature (see spheres in Fig. 4(b) ). This is contradictory to the previous observations for Li 3 O 4 has already been deposited on the susceptor surface before reaching the substrates. To confirm this, a lower oxygen flow rate of 1 sccm was selected for the deposition at some temperatures. As displayed by the crosses in Fig. 4(b) , it can be seen the deposition rate at low oxygen flow rate is temperature independent. This indeed demonstrated that there is a precursor deficiency at higher temperatures, resulting from some undesirable reactions, which can be limited by decreasing the concentration of the oxygen reactive gas.
The electrochemical response (Fig. 5(a) ) of a Co 3 O 4 electrode, deposited at 673 K with 3 sccm of O 2 , was investigated by CV. The results show that there is a large deviation of the first cycle from the subsequent cycles. After the first reduction/oxidation cycle the currents are highly reduced due to the irreversible reaction. After the second cycle, the reversibility has increased, revealing the high storage activity of the deposited thin films. The integrated storage capacity is shown in Fig. 5(b) and confirms the high irreversible capacity occurring in the first cycle.
Anode materials
In conventional solid-state Li-ion batteries, the negative electrode commonly consists of metallic Li. However, the highly volatile nature and low melting temperature (~181°C) of metallic Li is a drawback, restricting large scale utilization of these batteries in micro-electronics applications. The development of novel anode materials with a high specific energy is therefore a prerequisite.
Li 4 Ti 5 O 12 is an interesting alternative for metallic Li due to high structural stability (zero-strain insertion material) during cycling and a mid-discharge potential close to 1.55 V, which excludes the formation of a Solid Electrolyte Interface (SEI). Many deposition methods have been applied to synthesize Li 4 Ti 5 O 12 film anodes, including sol-gel [62, 63] , magnetron sputtering [64, 65] , spray pyrolysis [66] , aerosol [67] and CVD [68] .
MOCVD was used to study the feasibility of depositing Li 4 Ti 5 O 1 2 thin film anodes with titanium isoproxide (TTIP) and t-BuLi as precursors [69] . Fig. 6(a) shows the XRD patterns of the Li 4 Ti 5 O 12 thin films deposited at 500°C with different Li-precursor flow rate. Various t-BuLi flow rates in the range of 100 to 400 sccm were applied with 1 sccm oxygen flow rate and 200 sccm TTIP. It was found that when the tBuLi flow rates are lower than 200 sccm the films consists of two chemical compositions (Li 4 Ti 5 O 12 and TiO 2 ), due to the deficient amount of Li-precursor to efficiently react with TTIP. Increasing the t-BuLi flow rate to 300 sccm will lead to a pure Li 4 Ti 5 O 12 phase. Galvanostatic (dis)charging reveals the influence on the voltage profiles for the various electrodes in Fig. 6(b) . For the electrodes deposited with 100 and 200 sccm tBuLi, two charging plateaus can be found at 1.55 and 1.91 V, which correspond to the characteristic delithiation plateaus of Li 4 Ti 5 O 12 and TiO 2 , respectively. The electrodes deposited with a high Li-precursor concentration, only reveal the typical single voltage plateaus. These results agree well with the XRD observations of Fig. 6(a) . However, further increasing the Liprecursor to 400 sccm will decrease the storage capacity, which may be due to the potentially introduced Licontaining impurities. Owing to the low quantities, these cannot be detected in the XRD patterns.
The storage capacity obtained with the pure MOCVD deposited Li 4 Ti 5 O 12 sample (Li-300) is a bit lower than for those electrodes prepared by sol-gel [62] , ALD [70] and solid-state reaction [71] . This may be attributed to the low deposition temperature (500°C) and that the samples are not well crystalized. To investigate this, an annealing treatment at 800°C for 15 min under Ar gas was carried out for the Li-300 MOCVD deposited sample. The XRD patterns confirmed the crystallinity was indeed improving after annealing as the intensity of the diffraction peaks of Li 4 Ti 5 O 12 increased significantly (see Fig. 7(a) ). The (dis)charging voltage and CV profiles and the corresponding derivative storage capacities are shown in Fig. 7(b-c) and also demonstrate the favorable influence of the improved crystal structure the electrochemical performance, which matches well with that of the characteristic Li 4 Ti 5 O 12 electrodes. After post annealing, the storage capacity was also increased due to the increased number of (de)lithiation sites, induced by the temperature treatment.
TiO 2 is an attractive anode material for Li-ion batteries due to the SEI inhibition during (de)lithiation potential above of voltage of 1.5 V. However, bulk-type TiO 2 has a poor conductivity and a low Li-ion diffusion rate, limiting the rate capability and storage capacity. Some thin film formation methods have been reported to deposit TiO 2 , for example, by sputter deposition [72] , ALD [73] , CVD [74] and liquid phase deposition [75] . Forming thin film-based electrodes is a promising route to address the conductivity issue also by MOCVD [76] . Figure 8 (a-d) shows SEM images of MOCVD deposited TiO 2 films at various temperatures. It was found that all films are homogeneous without showing any cracks or pinholes. It is interesting to note that all the samples deposited in this temperature range show a high degree of crystallinity. The Raman spectra of the deposited films are shown in Fig. 8e as a function of deposition temperature and reveal that the deposited films have the typical anatase TiO 2 structure. The deposition rate increases at higher temperatures as the Arrhenius plot shows in Fig. 8(f) . The two slopes indicate a kinetically controlled deposition reaction rate at low temperatures and a diffusion controlled mechanism at higher temperatures.
MoO 3 is another interesting electrode material, which can be used both as anode or cathode in Li-ion batteries due to the medium (dis)charging voltage range in the range of 2.5 to 3.0 V. This material can be lithiated to Li 1.5 MoO 3 , resulting in a 100% volume expansion [77] To address such a volume change during (dis)charging, some porous MoO 3 materials were synthesized [78] . Some thin film-based MoO 3 deposition reports have been presented in the field of CVD [79] , Sol-gel [80] , ion beam [80] , sputter deposition [81] and ALD [82] . MoO 3 has been deposited by means of MOCVD to investigate the possibility to deposit thin films, using Mo(CO) 6 as Mo-precursor [52] . Temperature and oxygen dependencies has been investigated in the MOCVD deposition process. Figure 9 (a) shows the Arrhenius plot based on RBS analyses of the deposition rate as a function of temperature with an oxygen flow of 1 and 50 sccm. It can be observed that there are again two growth rate regimes in the investigated temperature range. The deposition rate is diffusion controlled at temperatures higher than 580 K and kinetically controlled at lower temperatures. When using different oxygen flow rates, the deposition rates are overlapping, suggesting that there is no significant influence of the oxygen content in this concentration range.
The XRD spectra are shown in Fig. 9(b) and indicate that there a clear correlation between the deposition temperature and the crystallinity of MoO 3 . The films are in amorphous state at temperatures lower than [47] . Copyright 2015, The Electrochemical Society 573 K and the crystallinity increases at more elevated deposition temperatures. The samples are completely crystalline at temperatures higher than 673 K. However, SEM images show that the deposited films have an interesting 3D morphology and even present nanorods or nanowire structures (see Fig. 10(a-f) ). Results of electrochemical stability measurements in the deposition temperature range of 623 to 773 K are shown in Fig. 10(g) . The CV plots of electrodes deposited at lower temperatures (623 and 673 K) display reveal very broad voltage characteristics. For the films deposited at higher temperatures (723 and 773 K), the responses are much better. After the first cycle the electrodes much more in line to what is electrochemical expected.
RuO 2 has a high electronic conductivity and is therefore often used as current collector. However, only a few papers were reporting on using this material in all-solid-state LIBs [83, 84] . RuO 2 is considered to be a conversion electrode with respect to Li-ions. The (de)lithiation reaction has been represented by [83] 
The possibility of employing MOCVD to deposit RuO 2 electrodes for all-solid-state LIBs has also been investigated, using (iButylCp) 2 Ru as Ru-precursor [52] . During the MOCVD deposition, the temperature was varied in the range of 673 to 873 K using a fixed oxygen flow rate of 90 sccm. Figure 11(a) shows the measured XRD patterns, revealing a positive effect of the temperature on the crystalline of RuO 2 . At 673 K, RuO 2 has been detected together with some small amounts of metallic Ru. Increasing the deposition temperature to 773 K the amount of RuO 2 increases and a single phase RuO 2 has been formed at 873 K. The oxygen flow rate also plays a significant role in the composition of the deposited films. Figure 11(b) shows the XRD patterns of the samples deposited at 773 K with various flow rates in the range of 50 to 600 sccm. It clearly shows that increasing oxygen amount during deposition improves the crystallinity of the RuO 2 thin films. The sample deposited at 773 K at an oxygen flow rate of 400 sccm was used for the electrochemical test. The CV were measured at 1 mV/s between 1 and 4 V (see Fig. 11(c) ). It shows that the current density decreases sharply upon cycling and the maximum current at the third cycle is only 25% of the value in the initial cycle. This RuO 2 electrode fading can be attributed to the large volume expansion (about 100%) during (de)lithiation [83, 85] , leading to continuously losing active material into the liquid electrolyte. The poor cycling stability challenges the deposited RuO 2 films to become high performance anode materials. Further modification of the deposited RuO 2 is needed to improve the cycling performance.
3D thin film deposition for all-solid-state Li-ion batteries
It can be concluded that thin film based all-solid-state LIBs are strong candidates to power numerous wireless autonomous devices. It is, however, impossible to disassemble integrated devices to charge these batteries. The power and energy performance are two other main characteristics of these on-board batteries, especially for medical implants. However, for conventional twodimensional (2D) all-solid-state (planar) LIBs it is complicated to combine a high power with high energy performance due to the limited chip area and volume. To obtain high storage capacities, two routes can be followed: One approach is to enlarge the chip area of 2D all-solid-state LIBs, but this is not compatible with the small nature of integrated devices; another way is to increase the thickness of the battery electrodes, which would cause greatly increased diffusion pathways for Li-ions, limiting the power performance.
Considering these limitations new architectures are proposed, which are all based on the exploration of the third dimensional (3D) geometry. An advantage of 3D batteries is that the internal surface area between cathode, electrolyte and anode is enlarged, which means that with almost the same amount of packaging and substrate material, much higher currents can be obtained and consequently creating high power batteries. Compared with planar solid-state batteries, the 3D allsolid-state LIB concept simultaneously improves the volumetric storage capacity and rate capability.
To investigate the electrochemical performance of 3D batteries, the films should be homogeneously deposited onto 3D structured substrates. Well-known 3D substrates are nano-rod templates [86, 87] , carbon micro-rod arrays [88] , aerogel architectures [89, 90] , microchannel Plates [91, 92] , etched pillars [69] and trenches [47, 52] , and each of these morphologies have its own advantages and disadvantages. Among them the etched pillars and trenches are the two frequently-used structures due to their well-defined aspect-ratio (enlarged surface area) and good mechanical properties. Figure 12 shows typical pillar-and trench-structured substrates. The surface enlargement factor (A) of the pillar substrate has been calculated, according to
where d, h and l represent the diameter, depth and distance between Si pillars, respectively [11] . For trench substrates A can be represented by
in which d is the trench depth, w the width, s is the spacing between the trenches and L is the total footprint length of the battery structure. As an advanced technique for depositing thin film materials, MOCVD can also be used to achieve step-conformal and homogeneous deposits in the highly structured substrates, offering good opportunities to create 3D all-solid-state batteries. It is important to recognize that the usable area is limited for small electronic devices. So, the traditional performance indicators of batteries, namely the gravimetric and volumetric energy and power densities are less relevant. Instead, the real issue is how much energy and power a device can deliver per footprint area, measured in terms of mAh·cm −2 , J·cm −2 , μW·mm −2 , etc [93] . Based on, for example, the observation made in Fig. 1 it was concluded that the deposition of Li 3 PO 4 in the temperature range from 300 to 500°C is Reproduced with permission [69] . Copyright 2016, Elsevier diffusion-controlled [47] . In order to achieve a homogeneous deposition in 3D structured substrates, the samples should be deposited at a kinetically controlled condition. This implies that the temperatures should be reduced to even lower values. However, the deposition temperatures should still be high enough for the reaction to occur under these conditions. Therefore the lowest temperature of 300°C was chosen to investigate the 3D deposition of Li 3 PO 4 . Figure 13 shows MOCVDdeposited Li 3 PO 4 thin films in 30 μm wide and deep trenches for 6 h. It shows an as-expected continuous and homogeneous thickness of about 340 nm thin film on top of the trenches. Moving into the trench, the film thickness starts to deviate from the top part and a thickness of 210 nm film was only deposited at the topcorner of the trench. The film thickness is even further reduced at the bottom, down to about 60 nm.
As described in section 2.1, high temperature LiCoO 2 is beneficial to obtain electrochemical active thin films to be applied as cathode. However, according to the result shown in Fig. 3(c-f) , depositing LiCoO 2 at lower temperatures can give more homogeneous films, which is good to achieve a conformal 3D geometry. These are therefore contradictory characteristics. To solve these conflicting aspects, new studies have been carried out to evaluate the 3D deposition possibility at low-temperatures, followed by a high-temperature annealing step to obtain electrochemically active layers [52] . In an attempt to investigate this LiCoO 2 was first deposited at 673 K for 2 h and, subsequently, annealed at 973 K for different time, i.e. 3, 6, 15 and 30 min. The electrochemical stability of the deposited and annealed planar samples are shown in Fig. 14(a) . It was found that there is no large difference between of the different annealing times, indicating that the crystalline transformation is rather rapid and 3 min is already sufficient for this conversion. Figure 14(b) shows the homogeneity of the deposited film in a 10 by 30 μm trench. This illustrates that LiCoO2 can be successfully deposited with a good step coverage of over 80%.
It has been shown that Li 4 Ti 5 O 12 , an interesting anode material, can also be deposited in 3D by MOCVD. Figure 15 presents the SEM images of the deposited films at 500°C and post-annealing at 800°C into a 30 by 30 μm trench. As a result, an aspect ratio of 23% was obtained at the bottom part of the trench. To check the electrochemical performance, the TiN coated silicon pillars substrates were used, of which the pillars have a height of 50 μm, a diameter of 2 μm at a distance of 5 μm (Fig. 16a) [69] . As shown in Fig. 16b , the 3D pillar electrode can deliver an improved storage capacity per foot print in comparison to planar electrodes. This is a bit lower than the theoretical surface area enlargement of the pillar substrates of about 7.5. This has been attributed to the inhomogeneous film coverage in the bottom of the 3D architecture. Interestingly it was concluded that the storage capacity of the 3D electrode is increasing during cycling, which has been attributed to some gas trapping at the bottom and liquid electrolyte penetration into the pillars upon cycling [69] .
The MOCVD deposition characteristics of TiO 2 in 3D has also been reported [76] . To get a homogeneous coverage in 3D structured substrates, the TiO 2 films were deposited at 350°C. Figure 17 shows the SEM images of deposited TiO 2 into a pillar-structured substrate, using TiN as current collector. In comparison to Li 4 Ti 5 O 12 , TiO 2 can remarkably be deposited with a high aspect ratio of about 94%, much higher than that of Li 4 Ti 5 O 12 . This is due to the fact that a separate Li precursor is not involved, which leads to a more simple collision and reflection during the MOCVD deposition process. As shown in Fig. 18 the 3D TiO 2 electrodes clearly exhibits an improved storage capacity and power performance in comparison to planar electrodes. Obviously, the 3D electrode geometry exhibits lower over-potentials, especially under high current loading conditions, indicating the improved power performance. Also, in line with the author's expectations the 3D electrode shows much higher storage capacities at all current densities than the planar electrode (see Fig. 18(c) ). Figure 18(d) shows the areal capacity improvement of the 3D TiO 2 over a planar electrode. It is worthwhile to note that the increase is more significant at higher current densities and can even reach a factor of 16 at 80 μA/cm −2 . This value is higher than the theoretical surface enlargement of 7.5, which manifests the advantage of the 3D electrode geometry in improving both the power and energy density performance.
Concluding remarks and outlook
Based on the above analysis, it can be concluded that MOCVD is an advanced technique to deposit thin film based materials for application in all-solid-state LIBs. During deposition, the applied parameters, including temperature, precursor flow and post-annealing, will influence the formed films' quality, like surface morphology, composition, electrochemical stability and storage capacity. High performance electrode and electrolyte materials have been deposited. With optimized parameters, MOCVD can be employed further for depositing homogeneous film in highly structured substrates to for 3D all-solid-state LIBs. The obtained 3D electrodes show an improved power and energy performance over the planar electrodes. In spite of the present promising results, some challenging issues still remain and should be addressed in the coming future: (i) The price and toxicity of precursors used in the MOCVD processes might limit the applicability in commercial devices. Novel and cheap precursor materials are therefore in urgent need to be developed. (ii) Some electrode materials deposited show less promising cycling performance, such as RuO 2 . This is due to the fact that the electrochemical results are all obtained in liquid electrolyte systems. The construction of full all-solid-state LiBs could be more beneficial in this respect as the stability of the applied electrode materials are less sensitive in these cases. (iii) The present thin film materials are mainly belonging to the group of oxide materials. New classes of composite materials, such sulfides and selenides, could be the next generation of materials for all-solid-state LIBs. (iv) Homogeneous and high-aspect ratio deposition is the leading property to enable the feasibility of 3D allsolid-state LIBs. Therefore new MOCVD deposition strategies are of great interest. For example, introducing Reproduced with permission [76] . Copyright 2016, The Electrochemical Society turbulent substrate holder systems or micro-blowing systems, facilitating perpendicular precursor diffusion seems to be promising.
In conclusion, it is to be expected that together with the increased interest from industry that the development of both advanced MOCVD deposition technologies and new high performance battery materials will facilitate the development of 3D-integrated all-solid-state Lithium ion batteries.
